/culture temperature / HSP105 / HSP70 / FM3A cells
INTRODUCTION
When cells from different organisms are exposed to a sublethal heat shock, they acquire resistance to a subsequent heat shock that normally would be lethal; a phenomenon known as acquired thermotolerance (1, 2) . Although the molecular mechanisms underlying thermotoler ance are not clearly understood, much evidence supports the idea that heat shock proteins (HSPs), especially the HSP70 family, are important in the protection of cells from thermal damage and in facilitating the recovery of the cells from damage caused by heat or other types of stress (3, 4) . There are two common HSP70 family proteins, inducible HSP70 and constitutive HSC70, in various kinds of cells. Heat shock and other forms of stress can denature intracellular proteins and expose cryptic hydrophobic regions, thereby producing aggregates. The binding of HSP70 and HSC70 to these hydrophobic regions prevents the aggregation process and seems to redissolve protein aggregates (5, 6) .
In addition to the HSP70 family, other HSPs seem to function in the thermoresistance of cells. The constitutive expression of HSP27 confers thermoresistance (7) , and the reduced expression of HSP90 results in an increase in cellular thermosensitivity in mammalian cells (8) . High molecular weight HSP (HMW-HSP) HSP104 recently was shown to be important in acquiring thermotolerance in yeast cells (9) . Deletion of the HSP104 gene has little effect on growth at normal temperatures, but it affects the acquisition of resistance to heat and various other stresses (10, 11) . HSP104 functions to resolubilize heat-aggregated proteins (12) .
We recently identified two isoforms of HSP105 that have a molecular weight of approx imately 105,000 (HSP105A and HSP105B) as HMW-HSP in FM3A cells (13, 14) . Whereas HSP105A and HSP105B are both synthesized and accumulate under non-stressed conditions, on exposure to heat shock much more HSP105B is induced than HSP105A. Indirect im munofluorescence analysis with anti-HSP105 serum shows that HSP105 is localized in the cytoplasm and nuclei of murine cells, but is never present in the nucleoli under nonstressed or stressed conditions (13) . In addition, we have shown that HeLa and FM3A cells synthesize a specific HSP only when these cells are heat-shocked continuously at 42°C (42°C-specific HSP, 42°C-HSP) (15, 16) . The 42°C-HSP consists of at least two polypeptides, a basic and an acidic one, that each have a molecular weight of approximately 90,000. The basic one (42°C-HSP B) is synthesized by mRNA transcription, the transition from basic to acidic (42°C-HSP A) apparently occurring by post-transcriptional modification (16) .
Digestion of purified HSP105A, HSP105B, 42°C-HSP A, and 42°C-HSP B with lysyl endopeptidase generates similar peptide maps, and the N-terminal amino acid sequences of the common 17,000-Da polypeptide fragments are homologous with those of the adenosine-binding domain of the HSP70 family proteins and actin (14) . Since the two isoforms of HSP105 and 42°C-HSPs seem to be very similar proteins that have an ATP binding domain in common, they may constitute a HMW-HSP family in murine cells, although their functions have not yet to be elucidated. In fact, anti-HSP105 serum reacts with not only HSP105 but also with 42°C-HSPs (17) .
We have shown that murine FM3A cells maintained at 33°C for at least 1 month (33°C-cells) are more thermosensitive than those maintained at 37°C and that the former can not synthesize HSP70 on exposure to heat shock, whereas heat shocking cells maintained at 37°C induces the synthesis of HSP70 (18, 19) . We now have examined whether the transient incubation of cells at low culture temperatures enhances their thermosensitivity. We found that FM3A cells incubated at low culture temperatures for 12-24 h became thermosensitive. During incubation of FM3A cells at 33°C, both the inducibility of HSP70 and HSP105 and the cellular concentrations of HSP105 decreased.
MATERIALS AND METHODS

Cell culture and heat treatment
Murine FM3A cells maintained in suspension in Eagle's minimum essential medium supplemented with 10% calf serum were cultured in a CO2 incubator at 37°C. Exponentially growing FM3A cells incubated at 24°, 27°, 30°, 33°, or 37°C for up to 24 h in a water bath set at the test temperature then heat-shocked at 42° or 45°C in a water bath.
Colony formation
Cell survival of FM3A cells was evaluated in colony-formation units using agar suspension culture (20) . After 2-3 weeks of incubation in a CO2 incubator at 37°C, the number of colonies was counted.
Radioisotope labeling of cells FM3A cells were incubated in methionine-deficient Eagle's minimum essential medium supplemented with 10% calf serum and 20,uCi/ml [35S]protein labeling mix (Amersham). After labeling, the cells were washed twice with cold phosphate-buffered saline, made soluble in 0.1% SDS, then boiled for 2 min. The radioactivity incorporated into the cell proteins was determined by the counts precipitated with hot trichloroacetic acid. The protein concentration was assayed by the dye-binding method (21) .
SDS-PAGE
Protein samples were electrophoresed on SDS-10% polyacrylamide slab gels as described by Laemmli (22) . After electrophoresis, the gels containing the labeled proteins were dried and autoradiographed at -80°C. The densities of the gel bands were measured with a Toyobo V1 image analyzer.
Western blotting and immunological detection
Proteins separated by SDS-PAGE were blotted onto nitrocellulose membranes by electrot ransfer (23) . These membranes were treated with rabbit anti-mouse HSP105 serum (17) or anti-HSP70 monoclonal antibody (Sigma), and the resulting immune complexes stained with immunoperoxidase (Vectastatin ABC kit). The staining density was measured with a Toyobo V1 image analyzer.
RESULTS
Thermosensitization of cells incubated at low culture temperatures
To examine whether the transient incubation of cells at low culture temperatures enhances thermosensitivity, FM3A cells maintained at 37°C were incubated at 33°C for up to 24 h then heat-shocked at 45°C for 10 or 25 min, after which cell survival was analyzed. As shown in Fig.   1A , cells incubated at 33°C gradually became thermosensitive, after incubation at 33°C for 24 h being 3.8-5-fold more thermosensitive than cells incubated at 37°C for 24 h when exposed to heat shock at 45°C for 10 or 25 min.
Next, we examined the effects of incubating cells at low culture temperatures between 24° and 33°C for 24 h on cell thermosensitivity (Fig. 1B) . Cells incubated at 24°-33°C for 24 h, especially at incubations between 27° and 33°C, became thermosensitive as compared to those incubated at 37°C when exposed to heat shock at 42°C for 2 h or at 45°C for 10 min. Effects of low culture temperature on the induction of HSP synthesis
To elucidate the mechanisms of thermosensitization produced by transient incubation of cells at low culture temperatures, we first analyzed the effects of low culture temperatures on the induction of HSP synthesis. FM3A cells maintained at 37°C were incubated at 37° or 33°C for 0, 6, or 24 h then labeled with [35S]protein labeling mix at 33°, 37°, or 42°C for 3 h. FM3A cells maintained at 33°C for more than 1 month (33°C-cells) were similarly labeled. The labeled proteins were separated by SDS-PAGE and autoradiographed (Fig. 2) , after which the syntheses of inducible HSP70, constitutive HSC70, and actin were quantified by densitometry (Fig. 3) . Without heat shock, there was no marked change in the syntheses of HSC70 and actin in FM3A cells incubated at 37° or 33°C. The induction of the synthesis of HSP70 and HSC70 by heat shock at 42°C, however, gradually decreased in cells incubated at 33°C but not at 37°C. After incubation of FM3A cells at 33°C for 24 h, induction of the synthesis of HSP70 and HSC70 by heat shock was markedly inhibited as it was in the 33°C-cells. Actin synthesis decreased more in cells incubated at 33°C for 24 h than in cells incubated at 37°C for 24 h by heat shock. Effects of low culture temperature on cellular concentrations of HSP70, HSC70 and HSP105
We next analyzed the effects of low culture temperatures on the concentrations of proteins of the HSP70 and HSP105 families in FM3A cells. Cells maintained at 37°C were incubated at 37° or 33°C for 0, 6, or 24 h, then treated at 33°, 37°, or 42°C for 6 h. FM3A cells maintained at 33°C for more than 1 month (33°C-cells) also were treated at 33°, 37°, or 42°C for 6 h. Cellular proteins were separated by SDS-PAGE, blotted onto nitrocellulose membranes, and made visible by immunostaining with anti-HSP70 or anti-HSP105 antibody (Fig. 4) . The cellular concentrations of HSP70, HSC70, and HSP105 were quantified by densitometry (Fig. 5) . Of the HSP70 family, the concentration of HSC70 in FM3A cells maintained at 33°C for more than 1 month (33°C-cells) was the same as that in cells maintained at 37°C; whereas the accumulation of inducible HSP70 as well as of HSC70 owing to heat shock increased in cells maintained at 37°C but not in the 33°C-cells. When FM3A cells maintained at 37°C were incubated at 33°C for 24 h, there was no marked change in the level of HSC70, but the accumulation of HSP70 and HSC70 induced by heat shock at 42°C decreased as it did in the 33°C-cells.
Of the HMW-HSP family, although HSP105 (A, B) was produced without heat shock, the cellular concentration of HSP105 (A, B) in 33°C-cells was almost one half that in cells maintained at 37°C. When cells maintained at 37°C were incubated at 37 or 33°C, HSP105 (A, B) decreased to low levels similar to those seen in 33°C-cells after 24 h of incubation at 33°C but not at 37°C. of 42°C-HSP (A, B) also decreased markedly in cells incubated at 33°C for 24 h, and slightly in cells incubated at 37°C for 24 h (Fig. 4) . DISCUSSION We have shown that FM3A cells first maintained at 37°C then incubated at a low culture temperature between 24° and 33°C for 24 h become markedly thermosensitive as compared to cells incubated at 37°C. A similar thermosensitization of human HeLa cells on incubation at low culture temperatures also has been observed (unpublished data). Because the thermosensitivity of mammalian cells is enhanced by transient incubation at low temperatures, cancer cells might be thermosensitized by cooling tumor tissues transiently before trials of clinical hyperthermia. tions of HSP70 and HSC70. Because HSP70 appears to have important functions in the protection of cells from thermal damage (3, 4) , the decreased inducibility of HSP70 and HSC70 may in part be responsible for the enhanced thermosensitivity observed.
Yeast HSP104 is known to be important for acquisition of thermotolerance (9) (10) (11) . In mammalian cells, we recently identified HSP105 (A, B) and 42°C-HSP (A, B) as an HMW-HSP family in murine cells (13, 14) . HSP105 is synthesized constitutively under nonstress conditions, and is induced and accumulates owing to heat shock. The 42°C-HSP is synthesized only when cells are heat-shocked continuously at 42°C (15, 16) . Both HSP105 and 42°C-HSP have a common amino acid sequence that is similar to the adenosine binding domain of the HSP70 family (14) . Furthermore, cDNA cloning of HSP105 and 42°C-HSP has shown that these HSPs appears to be derived from the same gene by alternative splicing (24) . These isoforms of HSP105 and 42°C-HSPs apparently constitute an HMW-HSP family in murine cells, but their functions have yet to be shown.
We found that the accumulation of the HSP105 and 42°C-HSP produced by heat shock also was inhibited in cells incubated at 33°C. Furthermore, when the cellular contents of HSP105 and HSC70 were analyzed under nonstress conditions, the level of HSP105 became low in cells incubated at 33°C but not in those incubated at 37°C. In contrast, the contents of the constitutive HSC70 was not markedly changed in cells incubated at 33° or 37°C. The cellular concentration of HSP105, but not that of HSC70, appears to be correlated with the thermoresistant state of the cells. These findings suggest that mammalian HSP105 also may have a function in the resistance of cells to various stresses and that its cellular level may be a good indicator of the thermoresis tant state of mammalian cells. Therefore, it may have clinical relevance for cancer therapy. 
